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Abstract 

The evolution of cosmological large-scale perturbations is described in 
terms of the concordant model based on the recent discovery of cosmic 
vacuum. It is demonstrated that the process is robustly controlled by a 
few epoch-independent physical parameters. The parameters guarantee 
that the initially weak perturbations become nonlinear before (but near) 
the termination of gravitational instability by cosmic vacuum. No fine 
tuning for the perturbation amplitude is needed. 
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1 Introduction 


The existence of cosmic vacuum (Riess et al., 1998, Perlmutter et al., 1999) implies 
(Peebles, 1980, Zeldovich & Novikov, 1982, Heath, 1977, Carroll & Press, 1992) that the 
gravitational instability and the linear growth of large-scale perturbations in matter are 
effectively terminated by the antigravity of cosmic vacuum at the redshifts z < 0.7 — 0.3 
when the cosmological dynamics becomes vacuum dominated. The perturbations must 
obviously become nonlinear before that moment. On the other hand, the nonlinear 
evolution starts not earlier than at z ~ 3 — 10 (see again the references above). This 
means that the perturbations are finely tuned: their relative amplitude must reach a 
unity level within the narrow redshift interval from z~10 — 3toz~l. 

The accuracy of such fine-tuning may be seen from the standard relations for linear 
perturbation growth. The relative amplitude of density perturbation in cold dark matter 
grows as 

(5(t) OC (1 -h 2;)"\ z < Zeq, (1) 

where Zeq is the redshift at the moment when pR = p^, and pr,pd are the densities of 
radiation and (dark) matter. For the earlier epoch of radiation domination, 

(5(t) OC (1 -h Z)“^, Z>Zeq. (2) 

To reach a unity level, 5 ~ 1, within the redshift interval 10 — 1, the amplitude 6{t) must 
be tuned to one part in 10^® at the epoch of light element production, to one part in 
10^^ at the electroweak energy (~ 1 TeV) epoch, or to one part in 10®^ at the Planck 
epoch. 

These fine-tuning considerations (they may easily be refined to take into account all 
the details of gravitational instability process on various scales and at various epochs, 
etc.) show that the initial cosmological perturbations that give rise to the formation 
of the observed large-scale structure are not completely arbitrary. They are rather well 
organized to be in correspondence with the conditions of the whole cosmic dynamics. 
Whenever they are generated, the perturbations ‘know’ from the very beginning that 
they produce the structure before (but near) the termination epoch. The questions are: 
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Why do they know this in advance? And how exactly are they prepared to yield the 
condition? 

Fine-tuning in cosmology was first discussed more than 30 years ago, when Dicke 
(1970) mentioned that the Universe must be ‘extremely finely tuned’ to account for the 
present observed balance between the kinetic energy of expansion K and the gravitational 
potential energy of cosmic matter U. The balance is quantified in terms of which is 
the energy ratio, \U\/K, and also the ratio of the total matter density, p, to the critical 
density, pc- Thirty years ago, observational limits on 17 were described as 0.1 < 17o < 10, 
and it was argued that this range implies a very narrow range at earlier epochs. It is 
estimated that 17 departs from unity by one part in 10^® at the epoch of light element 
production, or to one part in 10®*^ at the Planck epoch. Why was there such a remarkably 
fine balance between the kinetic and potential energies in the ‘initial conditions’ for the 
cosmic expansion? This argument is now known as the flatness problem, since the energy 
ratio is associated with the sign of the spatial curvature in the Friedmann model. 

In an analysis of the flatness problem (Chernin, 2003), one and only one order-of- 
unity constant parameter is recognized behind the apparently fine-tuned evolving energy 
ratio. In this way, the real meaning of the problem is clarified and the problem is reduced 
to the question about the physical nature of the control parameter. In the present paper, 

1 try a similar approach to the structure formation problem basing on the Friedmann 
standard model and the concordant dataset. 

Note that inflation models (see a book by Linde, 1990) suggest elegant widely ac¬ 
cepted solutions to both flatness problem and perturbation problem with the use of the 
near-Planckian physics in the very early universe. These hypothetical pre-Friedmann 
stages of cosmic evolution are out of the scope of my discussion here. 

2 Physical parameters of the concordant model 

The current standard cosmology is the Friedmann model together with the concordant 
dataset (see, for instance, a recent review by Peebles and Ratra, 2002). The observa¬ 
tional data on cosmic vacuum (V), dark (D) matter, baryons (B) and radiation (R) are 
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represented in the model by four constant parameters Ay, A^, Ab, A^i that come from 
the Friedmann ‘thermodynamic’ equation; 

yl= [Kpa3(i+^)]T^. (3) 

Here w = p/p is the constant pressure-to-density ratio for a given cosmic component in 
the co-moving volume; w = —1,0, 0,1/3 for vacuum, dark matter, baryons and radiation, 
respectively; p is the corresponding energy density; a{t) is the scale factor or/and the 
curvature radius of the isotropic 3-space; n = SttG/S = {87r/3)Mp^-, the Planck energy 
Mpi = 1, 2 X10^® GeV. The units are used in which the Boltzmann constant = c = h = 1. 

Estimated with the concordant dataset, the four parameters prove to be numerically 
identical, on the order of magnitude (Chernin, 1968, 2002): 

Ay ~ yl/) ~ Ab ~ Ap ~ Mp^. (4) 

The identity of the parameters is hardly a simple arithmetical coincidence; it is rather 
a remarkable empirical fact in which a kind of epoch-independent internal symmetry 
between vacuum and cosmic matter reveals (Chernin, 2002). 

The Friedmann ‘dynamical’ equation that incorporates these parameters, 

= [Ay/a) ^ -|- Ap)ja Ab! a [Apj a)^ — /c, (5) 

contains also the fifth parameter which is the curvature discrete parameter k = 1, 0, — 1, 
for positive, zero and negative 3-space curvature, correspondingly. This parameter can¬ 
not yet be determined directly from observation, so that flat and non-flat versions of the 
model must be considered, generally. Because of its simplicity, the flat model is usually 
used as the preferable one in the structure formation theory. 

It is more important that the flat model is a good approximation as well for the 
dynamics and geometry of the non-flat models. Possible deviations from the flat model 
at the present epoch are strongly constrained by the concordant dataset. As for any 
other epochs, severe theoretical bounds on possible deviations from parabolic dynamics 
and flat 3-geometry are given by the concordant model (Chernin, 2003). The bounds 
come directly from Eqs.(4,5). Indeed, the maximal possible deviations from the flat 
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model are found to be near the present epoch; they can be quantified with the extremal 
(maximal or minimal) density ratio ^ex- 

QexC=^[l-lk{Av/ADf/^]-\ (6) 

In accordance with the symmetry relation of Eq.(4), Ay ^ Ad, and so |n — 1 | 1 

for any times. 

It is Eq.( 6 ) that enables to recognize the control physical parameter Ay jA d which 
is behind the phenomenon of flatness or the fine-tuned energy ratio, as is mentioned in 
Sec.l. 

3 Linear perturbations 

It was first mentioned by Zeldovich (1965) that the growth rate of linear perturbations 
in the flat model could be obtained from the Eriedmann solution with the use of the 
variation of its two constants of integrations. The two constants are the curvature 
parameter k (or the energy E = K + U, \n the Newtonian treatment) and the time 
moment of zero radius tj. In the unperturbed model, k = E = ti = ^. If in a local 
perturbation volume /c / 0 , = 0 , the relative density perturbation increases as in 

Eqs.(l,2). If in the perturbation volume /c = 0, 7 ^ 0, the relative density perturbation 

decreases as d cx The shape of the local perturbation volume does not matter in 
the linear analysis; as for its size, it must be larger than the Jeans length in the growing 
mode. 

Having this in mind, let us look more closely at the growing, most interesting, mode 
of perturbations. The relative amplitude of density perturbation may be expressed via 
the density ratio U: 

S{t) = (p- pc)/pc = ^-'i- (7) 

Here p is the density of the perturbation, 

Kp = Ay -\- Adcl ^ + Ad(i ^ (8) 

described by the Eriedmann equation (5) with k ^ pc is the unperturbed {k = 0) 
density which is also the ‘critical’ density for the same equation. The relation of Eq.(7) 
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between the amplitude S and density parameter provides a clear analogy to the analysis 
of Sec.2. 

^From Eq.(5), one can find the time evolution of the perturbation amplitude in the 
linear approximation: 

6{t) = n — 1 = k{Kpa‘^)~^[l — k{Kpa‘^)~^]~^, (9) 

where the scale factor a{t) is given by Eq.(5) with k = 0; actually the difference between 
the perturbed and unperturbed scale factors does affect the right-hand side of Eq.(9), 
in this approximation; same is for the density in the right-hand side of Eq.(9). 

It is easy to see that the standard relations of Eqs.(l,2) are contained in Eqs.(8,9) 
as two limiting cases of matter and radiation domination. In addition, it is also seen 
from Eqs.(8,9) that the perturbation growth is terminated when the vacuum energy 
density becomes larger than the matter densities. Indeed, in the limit z « zy = 
{pv/Pnito)^^^ — 1 when vacuum dominates completely, 

6{t) oc oc exp(— 2 t/Av')- ( 10 ) 

The extremal value of the amplitude 5{t) is reached near the termination at the 
redshift 

Zex = a{tQ) / {Ay — 1 = {2pv / po)^^^ — 1 - ( 11 ) 

The maximal (positive, k = 1) and minimal (negative, k = - 1) density contrast is 
given by the relation 

^ex = /Aj:)f‘/‘^[1 - -k{Av/Aj:)f‘/'^]~^. (12) 

The extremal value of the amplitude 6 is completely determined by two parameters: 
the discrete parameter k and the constant ratio Ay jA d ^ which is of the order of unity, 
according to Eq.(4). As a result, one has: b^x ioi k = 1 and 5ex —l/2> iov k = —1. 
It is easy to see that the density contrast in the dark matter distribution is not less than 
the total density contrast, 5d ^ b, at this moment. 

Since the linear analysis becomes invalid near z ~ Zex, the numbers for bex should 
be understood as approximate. But it is the very fact of nonlinearity that is most 
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important here; the perturbations do come to the nonlinear regime, and only after that 
the antigravity of vacuum wins over the gravity of matter. 

It is worthwhile to note that Eqs.(7-12) can be re-written to describe (with a similar 
result) the perturbation evolution in an open {k = —1) model. In this case, perturbations 
are characterized by A: = 1 and A = 0. 

4 Conclusions 

As we see, the set of Eqs.(7-12) gives a self-consistent description of the perturbation 
evolution: the linear perturbations develop in the standard time rate and reach a unity- 
level amplitude to the appropriate epoch. The evolution is determined and robustly 
controlled by two constant physical parameters; these are the curvature discrete pa¬ 
rameter k and the ratio AvIAq. The both are unity in absolute value or about unity: 
\k\ = I^AvIAd ~ 1. The first of them quantifies the perturbations, the second one 
comes from the symmetry relation between vacuum and matter. In combination, they 
guarantee a quantitative certainty to the picture of structure formation. At earlier 
stages of the perturbation evolution, the constants Ar and Ab are also in the play. No 
fine-tuning for the perturbation amplitude is evidently needed, in this picture at any 
stage. No specific assumptions about the epoch when the perturbations are generated 
are necessary either. 

The relations of Sec.3 indicate that the amplitude of the growing density perturba¬ 
tions does not depend on their spatial scales; such a feature is known as the Harrison- 
Zeldovich spectrum. This (and not only this) indicates that the perturbations of Sec.3 
are not arbitrary. As is obvious from Eqs.(7-9), they are prepared in a special way: 
each of the perturbation volume is a part of a uniform universe with the same set of 
parameters Ay, Ab),Ab, Ar as in the ‘unperturbed’ universe, but with its own curvature 
parameter k which is -|-1 for the areas of enhanced density and —1 for the areas of lower 
density. The whole distribution of the weak perturbations is represented by a linear 
superposition of such patches with different sizes and shapes over all the cosmic space. 

Generally, the superposition may include not only the growing mode, but also the 
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decreasing mode of perturbations associated with the parameter ti which may be a 
function of the Lagrangian coordinates x- As is well-known, an arbitrary choice of 
initial conditions for perturbations assumes the existence of two independent arbitrary 
functions of y, one of which is scalar and the other is vector, to describe the density 
distribution and velocity field, correspondingly. The choice is essentially restricted by 
the parameters k and AvIA^^ in the description of Sec.3, while the function ti{x) 
remains arbitrary, and its dynamical effect is rapidly vanishing with time. The first two 
parameters determine completely the fate of the perturbations, independently of t(y). 

This is a possible answer to the question about the structure of the initial perturba¬ 
tions that is put in Sec.l. 

As for the other question of Sec.l (’’Why do they know...”), the considerations above 
suggest that there is a link between the local space-time conditions in the universe and 
its global structure and behaviour. The perturbation analysis reveals only one of the 
aspects of the link. In this case, the local-global link is recognized in terms of a few 
constant physical parameters that seemingly run the cosmic grand design on its various 
space-time scales. 

The parameters k, Ay, Ad, Ab, An have a phenomenological status in the concor¬ 
dant model, and their numerical values are determined (or can be determined, in prin¬ 
ciple) from observations of the present-day universe. But their ultimate nature is in 
the fundamental physics that gave rise to the origin of the Friedmann universe with its 
cosmic species - vacuum, dark matter, baryons, radiation, etc. This is probably the 
electroweak-scale physics in which the symmetry relation of Eq. (4) is argued to have its 
roots (Chernin, 2002). 
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